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Abstract 
Permeability is a property of the porous medium that measures the capacity and ability of the formation to transmit fluids. 
Permeability is a very important rock property because it controls the directional movement and flow rate of the reservoir 
fluids in the formation. There are several sources of measuring permeability ranging from cores, Wireline Formation Tester 
(WFT) and Well Test. The WFT are widely used to measure pressure at the sandface to estimate permeability from pressure 
transient measurement acquired with sink probe and/or observation probe. WFT application includes the measurements of 
formation pressure, identifying fluid type & contacts, evaluation of reservoir structure and fluid sampling. This WFT pressure 
data is occasionally used for Pressure Transient Analysis (PTA), due to short duration, limited flow of 5cm
3
 to 37cm
3
 and final 
flow regime is generally limited to spherical permeability due to short radius of investigation. 
Wireline Formation Tester permeability exerts two special key features when compared to core and well test derived 
permeability; 1) The WFT permeability measurements are discrete, are correlatable to depth similarly to core data and well 
test, although well test gives an average of the interval tested. 2) WFT data is measured in situ similarly to well test but core 
data is measured at the surface and converted to in situ. 
In this study the conventional PTA interpretation techniques were applied to analyze the WFT data using the invaded 
zone and formation fluid properties and the results compared with Formation Rate Analysis (FRA). FRA and Spherical buildup 
permeability were later combined to quantify the permeability anisotropy and estimate both the horizontal and vertical 
permeability.  
Various upscaling methods were investigated. The weighted arithmetic average upscaling technique yielded better results 
for horizontal permeability and compared favorably (within 20%) to the permeability obtained from well test analysis. In this 
study harmonic averaging of vertical permeability gave the best match to the numerical model inputs over a wide range of 
anisotropy. The upscaled WFT permeability is representative of the formation permeability, if appropriate upscaling method is 
used and the representative fluid property of the test zone is used in the WFT analysis. 
Introduction 
Permeability is a very important parameter in the performance and prediction of reservoir performance during the reservoir 
management cycle. This parameter can be measured from various sources (cores, logs, WFT, DST, etc.) and estimated using 
various correlations as well. In this study we focus on the permeability estimation from the WFT with a single probe. 
In a single probe formation test, the conduit is extended to the formation and small volume (5 cm
3
 - 37 cm
3
) of fluid is 
withdrawn from the formation. The pressure responses from both the drawdown and buildup periods are recorded and the data 
yields the formation mobility and initial pressure. A number of techniques have been developed to analyze the pressure 
response from WFT and have been adapted from the advance well testing analysis. The first theoretical phenomena associated 
with the PTA of WFT was presented by Moran et al., 1962 and was not used due to concerns of a shortened radius of invasion 
as compared to DST and a limited gauge resolution. Stewart et al., 1979 and Dussan et al., 1987 developed analytical theories 
of drawdown and buildup pressure response of pretest stages.  This methodology utilizes the straight rule fitted to 
superposition plot (e.g. Horner plots) to estimate reservoir pressure and permeability. The spherical flow regime uses the early-
middle time of the buildup data to estimate spherical permeability and the cylindrical flow analysis uses the late time of 
buildup data and is useful for estimating the average pressure.  
The Formation Rate Analysis (FRA) technique, developed by Kasap et al, 1998
 
utilizes the entire pretest data (both 
drawdown & buildup). FRA is based on a linear relationship between measured probe pressure and formation rate calculated 
by correcting the piston rate and tool storage effect. FRA has proved to be very successful not only in the estimation of 
permeability, pressure & compressibility, but to estimate horizontal and vertical permeability in an anisotropic formation using 
geometric factor concept. The process involves the combination of the spherical permeability and FRA permeability corrected 
for anisotropic effect. 
2   
A single vertical well numerical model was developed to simulate the deployment of a single probe type pretest. The 
formation pressure responses obtained from the numerical model were used to study the flow behavior of pretest using these 
different techniques to estimate formation permeability, pressure, compressibility, etc.  This numerical model was also used to 
study the impact PVT properties required to perform PTA of the WFT. The buildup PTA was performed using both the 
parameters of the invaded zone and uninvaded zone. As for the upscaling technique, for a homogeneous reservoir both 
arithmetic and geometric averages will yield the same results. The studies conducted all assume a Water-Based Mud (WBM). 
An actual field case was evaluated to validate the analyses procedure and the upscaled WFT permeability results compares 
very well with core permeability and DST permeability when the representative fluid property of the test zone is used in the 
WFT analysis. 
 
Table 1: Summary of the Numerical Simulation input parameter and geometry 
  Case 1 Case 2 Case 3 
Parameter Value Value Value Units 
 Horizontal Permeability 1 10 Variable mD 
 Vertical Permeability 1 1 Variable mD 
 Spherical Permeability 1 4.64 25 mD 
 Gas Viscosity 0.017 0.017 0.017 cP 
 Water Viscosity 1 1 1 cP 
 Water compressibility 3.70E-6 3.70E-6 3.70E-6 1/psia 
 Gas compressibility 2.38E-4 2.38E-4 2.38E-4 1/psia 
 Rock compressibility 4.09E-6 4.09E-6 4.09E-6 1/psia 
 Initial water saturation 0.2 0.2 0.2 fr. 
 Porosity 0.15 0.15 0.15 fr. 
 Grid cell thickness Variable Variable Variable ft 
 Formation thickness 26.8 26.8 26.8 ft 
 Wellbore radius 0.25 0.25 0.25 ft 
 Outer boundary radius 100 100 100 ft 
 Initial pressure 3500 3500 3500 psia 
 Probe radius 0.22 0.52 0.52 inch 
Number of Grid cells 540 000 540 000 540 000 
            NR 100 100 100 
            NƟ (angles, L) 36 36 36 
            NZ (Layers) 150 150 150 
 
 
 
Figure 1: A 3D view of the five pretest 
stations, in cylindrical-finite grid. Probe 
stations are heighted with a red dot in the 
walls of the wellbore, (modified from Malik et 
al., 2007) 
Permeability Analysis Techniques for the WFT 
WFT data interpretation can be categorized into drawdown analysis (steady-state), buildup analysis (transient) and the latest 
Formation Rate Analysis (FRA). The drawdown analysis is based on the modified Darcy equation, buildup analysis is based on 
the straight line method and/or type curve matching (interpretation model) and FRA is based on the material balance of the 
tool’s flow-line volume. FRA uses the formation rate (during the flowing and shut-in periods) in the Darcy equation instead of 
the piston withdrawal rate. 
 
Drawdown Analysis 
The drawdown analysis is based on the pseudo-steady state, and permeability is calculated using the modified Darcy 
equation with a stabilized pressure drop and a flow rate from the tool piston (Stewart et al., 1979)  
𝑘𝐷 =
𝑞𝜇
4𝑟𝑝∆𝑃𝑠𝑠
 (1) 
The drawdown has a very shallow depth of investigation due to the volume of the pretest chamber and characterizes the 
formation in the immediate vicinity of the probe. The permeability from the Drawdown Analysis (DDA) is an indicator of the 
wellbore wall permeability and is subjected to wellbore damage. A number of authors have commented on the use of 
drawdown analysis in permeability estimation; however the technique has been sighted to predict erroneous permeability, and 
hence is often used as a qualitative indicator of permeability.  
 
Buildup Analysis 
Buildup is the pressure response measured after the drawdown at a piston rate of zero. The pressure behavior from the 
buildup initially propagates spherically until the top and bottom of the impermeable barriers are encountered, Fig. 2. The depth 
of investigation is relatively higher than that of the drawdown and by-passes the invaded region. The buildup is analyzed by 
modern techniques of PTA such as superposition plots, type-curve (interpretation model) matching and are more reliable than 
drawdown analysis. 
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The WFT data is normally characterized by the spherical flow which is interpreted on the log-log analysis with negative half-
unit slope on the pressure derivative. In a single probe pretest, radial flow cannot be reached, unless in cases of multi-layered 
beds with thickness of at least 5 feet. The spherical permeability can be calculated from the below equation; 
 
        (
𝑘𝑠
𝜇
)
𝐵𝑈
=
1
𝜋
(
𝑞
4𝑚𝑠
)
⅔
(𝑐𝑡)
⅓ 
 
(2) 
t - Drawdown flowing time, sec, ∆t - buildup time and ms, is the slope obtained from the superposition plot; 
 
                                  𝑝(𝑡) 𝑣𝑠. (
1
√∆𝑡
−
1
√𝑡+∆𝑡
). (3) 
 
Formation Rate Analysis 
FRA is based on the material balance of the flow line volume. The technique utilizes modified Darcy’s equation involving 
a geometric factor that accounts for the flow geometry near the probe (Kasap et al., 1996, 1998, 2004). The mass flow rate is 
calculated by correcting the piston rate for storage effects in the WFT tool.  
 
𝑚𝑓 = 𝜌𝑞𝑓 =
𝑀
𝑅𝑇
𝑘𝐺𝑜𝑟𝑖
𝐿
∫
𝑝(𝑡)
𝑧𝜇
  (4) 
 
The FRA technique is capable of representing complex flow geometry and makes it possible to estimate average pressure 
p*, permeability and fluid compressibility. Plotting the pressure p (t) versus the formation rate (qf) should result in a straight 
line, and a high correlation coeffient is essential for the reliable estimation of horizontal and vertical permeability. 
 
The buildup and FRA analysis do not always estimate the same permeabilities, FRA is affected by anisotropy, and hence 
the geometric factor is used in resolving the discrepancies between FRA & PTA buildup data. The procedure involves 
combining the buildup interpretation and FRA results to predict permeability anisotropy, therefore allowing the estimation of 
both horizontal and vertical permeability. The following procedure describes the steps to follow when analyzing WFT data, 
Fig. 4.  
1. Calculate the drawdown permeability by assuming a pseudo steady-state condition, which is applied to 
Darcy’s equation; 
𝑘𝑑𝑑 = 6900
𝑞𝜇
∆𝑝𝑠𝑠
 (5) 
 
2. Analyze the buildup data using adapted convectional well testing analysis techniques, with an interpretation 
model. The permeability is obtained using the spherical buildup equation; 
(
𝑘𝑠
𝜇
)
𝐵𝑈
=
1
𝜋
(
𝑞
4𝑚𝑠
)
⅔
(𝑐𝑡)
⅓ (6) 
 
To estimate permeability from the buildup analysis, appropriate PVT properties of the mobile fluid/s must be 
used in the interpretation. The total compressibility was calculated based on the fractional weight of 
saturation (ct = swcw + sgcg + cf) and a two-phase viscosity (μ2-phase = swμw + (1-sw) μg). 
3. Combine the drawdown and buildup data to FRA analysis, assuming the isotropic formation ((kH/kV) =1); 
use isotropic geometric factor (Gos) iso corresponding to ratio of rp/rw, given by Sheng et al., 2004, in Tables. 
2 to 3. 
4. Assume the buildup estimated permeability to represent a true spherical permeability, correct the geometric 
factor (Gos)ani for anisotropic formation; 
(Gos)𝑎𝑛𝑖 =
(Gos𝑘𝑠)𝑖𝑠𝑜
(𝑘𝑠)𝐵𝑈
 (7) 
 
5. Determine the correct formation  permeability anisotropy (kH/kV) and estimate the horizontal and vertical 
permeability; kH =ks* (kH/kV)
⅓ 
and kV = kH/(kH/kV)
⅓
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Factors affecting the Permeability Measurements in WFT 
The permeability derived from WFT is influenced by a number of factors. In this study we mainly studied the effect of the 
radius of investigation, reservoir heterogeneity, invasion profile and anisotropy. The radius of investigation was studied to 
qualify the quality of the estimated reservoir properties between the drawdown and buildup data analysis. Reservoir 
Heterogeneity and Anisotropy are important to the determination of horizontal and vertical permeability. FRA techniques 
assume a homogeneous formation for the preliminary estimation of reservoir permeability which is later corrected using the 
knowledge of the anisotropic effect using step 4 of the analysis procedure. The WFT tool measures the effective permeability 
of the mobile fluid/s, and therefore is important to have knowledge of the kind of fluid in the invasion region and its scale of 
invasion in the reservoir. The buildup analysis is capable of detecting the invasion radius, if the radius of investigation is larger 
than the diameter of the invasion. 
 
 
Figure 2: Typical Flow Regime in Probe-Type WFT. 
 
Figure 3: Numerical simulation pretest data with permeability of 
1mD and flow rate of 2cc/sec. 
 
Table 2: Numerical values of Gos in FRA for various values of 
rp/rw & anisotropy kH/kV 
kH/kV 
rp/rw = 
0.025 
0.05 0.1 0.2 0.3 
0.01 3.75 3.75 3.75 3.92 3.92 
0.1 3.64 3.64 3.71 3.87 3.95 
1 4.08 4.17 4.26 4.44 4.65 
10 5.42 5.56 5.78 6.11 6.38 
100 8.33 8.60 9.06 9.72 10.26 
1000 14.18 14.87 15.81 17.09 18.02 
10000 25.96 27.45 29.31 31.57 33.15 
100000 49.64 52.60 55.92 59.89 62.51 
1000000 97.09 102.30 108.40 115.27 119.76 
   (Sheng et al., 2004) 
Table 3: Numerical values of sp in FRA for various values of   rp/rw 
& anisotropy kH/kV 
kH/kV 
rp/rw = 
0.025 
0.05 0.1 0.2 0.3 
0.01 2.35 2.35 2.35 2.21 2.21 
0.1 2.45 2.45 2.38 2.25 2.18 
1 2.08 2.02 1.95 1.83 1.70 
10 1.32 1.26 1.17 1.06 0.97 
100 0.51 0.46 0.39 0.29 0.23 
1000 -0.11 -0.15 -0.21 -0.26 -0.30 
10000 -0.52 -0.54 -0.57 -0.60 -0.62 
100000 -0.75 -0.76 -0.78 -0.79 -0.80 
1000000 -0.87 -0.88 -0.88 -0.89 -0.90 
 (Sheng et al., 2004) 
Numerical Simulation 
A near wellbore finite-element grid model was constructed to study the typical flow behavior of the single probe type Wireline 
formation tester (WFT). The near wellbore transient pressure distribution during the flow of the compressible fluids is modeled 
with the diffusivity equation (Al-Hussainy et al., 1966): 
 
                           −𝛁 (
𝑝(𝑡)
𝑧
𝒖) +
𝑝(𝑡)𝑐𝑡
𝑧
𝜕𝑝(𝑡)
𝜕𝑡
= 0 (8) 
 
Where ct is the total compressibility, φ is the porosity of the formation and u is the Darcy’s velocity.  A commercial simulator 
(ECLIPSE
®
) was used to build 3D reservoir model of multiple formation zones with different thicknesses, porosity, 
permeability and compressibility. Equation (8) in Cartesian coordinates is used to represent the flow in a cylindrical region in 
the near wellbore porous medium, Fig. 1.  
The region investigated is assumed to be much smaller compared to the reservoir, hence constant pressure boundaries are 
assumed for the external radial direction, top and bottom boundaries of the reservoir model. The drawdown and buildup 
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responses were simulated sequentially using ECLIPSE
®
. Five pretest points were generated at different depths to study the 
spherical flow (vertical permeability dominated flow) and hemi-spherical flow behavior (boundary dominated flow). 
 
 
Figure 4: Wireline Formation Test (WFT) Analysis Procedure 
 
Modeling the Invasion Zone 
To model the invaded zone concentric with the wellbore, a slightly compressible fluid (brine) was assumed to form a 
composite reservoir. The inner region consists of brine saturation and the outer region has the native formation fluids (gas). A 
homogeneous reservoir with a vertical well was considered for this particular study. The invasion zone has different viscosity 
and compressibility from the native formation, as shown in Table 1 (Case-2). To model this reservoir precisely, a commercial 
simulator ECLIPSE
®
 was deployed to construct a block-centered grid with very fine grid structure around the probe location to 
induce the spherical flow geometry, Fig. 1. Different invasion radii were simulated to evaluate the typical flow behavior and to 
qualify the fluid properties required to perform the PTA-WFT for the estimation of formation permeability.  
Upscaling WFT Permeability 
After the WFT PTA has been conducted on the potential production interval, the spherical permeability is converted to 
horizontal and vertical permeabilities using the geometric factor concept (permeability anisotropy). The next step is to upscale 
the permeability profile data into a single permeability-thickness that can be compared to permeability-thickness obtained from 
well tests and also be used to predict reservoir performance. The reservoir interval of interest is divided into segments of a 
number of homogenous anisotropic layers. The thickness of each layer is then estimated using twice the value of the radius of 
investigation with respect to vertical permeability given by the equation (modified from Matthews et al., 1967); 
 
ℎ𝑖 = 2 (0.029√
𝑘𝑉∆𝑡
𝜑𝜇𝑐𝑡
) (9) 
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Finally the upscaled permeability can be estimated using the weighted arithmetic averaging given by: 
𝑘ℎ = ∑ 𝑘𝐻𝑖ℎ𝑖
𝑖=𝑛
𝑖=1
 (10) 
Analysis of the Synthetic Single Probe data 
A radial grid model was constructed to simulate three different data sets to study the typical flow behavior of the pretest using 
ECLIPSE
®
 simulator, Fig. 1. These included the homogenous model with no invasion (dry gas model), homogenous composite 
model with two regions (inner region saturated with mud-filtrate (water) and outer region with gas) and layered reservoir with 
different permeabilities. These models were all used to simulate pretest synthetic data to study the spherical flow behavior, 
estimate the permeability at discrete pretest locations, evaluate the correct algorithm to upscaling the WFT permeability data 
and recommend the PVT data required to perform the PTA of WFT data. The model parameters are available on Table 1. 
 
Simulation Results & Comparison 
The first objective was to build a 3D numerical model capable of mimicking a single probe type pretest flow behavior 
(spherical flow). The obtained pressure response from the numerical model consists of one drawdown and one buildup of 20 
seconds and 240 seconds respectively. Fig. 3 shows a simulated pressure response for a pretest of a homogeneous formation of 
1 mD and drawdown rate of 2cc/sec. Stabilization is reached within 5 seconds of the drawdown period. The analysis of the 
PTA data was done using the Interpret2010
®
 software for the BU spherical and FRA permeabilities. Three cases were 
evaluated and the results are discussed below; 
 
Case-1: Homogeneous and isotropic reservoir with kH/kV of 1 (kH = kV = 1mD) 
 Fig. 5 shows the log-log analysis of the simulated pretest buildup, showing the tool storage effect (hump) and spherical 
flow trend. The spherical flow in buildup pressure derivative is characterized by a straight with a negative half unit. The 
buildup spherical permeability was found to 1.05 mD, slightly higher than the input spherical permeability of 1mD. The 
geometric skin factor was found to be 1.98 and compares very well with the published results from Sheng et al., 2004 in Table 
2. Fig. 6 shows the FRA plot of mn (p) vs. formation rate (qf), and a best fit linear trend correlation coefficient of 0.988. The 
estimated permeability is 1.08 mD and is similar to 1 mD input data on Table 1 (Case-1). Similar values also imply that the 
formation permeability is isotropic as defined in the simulation model. A good history was achieved using the parameters 
mentioned above, Figs. 7 to 8. Full set of the five pretest analysis is available on Table 4  
 
Case-2: Homogeneous and anisotropic reservoir with kH/kV of 10 (kH = 10 mD & kV = 1 mD) 
A homogeneous model with anisotropy (kH/kV) of 10 was used to model the effect of mud filtrate invasion in the formation. 
This is normally expected to happen during the drilling phase where a well is drilled with a mud weight greater than the 
reservoir pressure. The procedure described above was followed to analyze the pressure data. Figs. 9 to 10 show typical WBM 
filtrate invasion saturation in a gas reservoir. Figs. 11 to 12 show log-log analysis of the buildup data; the pressure derivates 
from different radii of invasion demonstrate composite behavior due to the differences in the mobility of the invasion fluid and 
native reservoir fluids. This composite behavior is super-imposed on top of a spherical flow trend. The first spherical flow is a 
function of the invasion fluid and the analysis was performed using the invasion fluid properties, and spherical permeability 
was found to be 4.71 mD similarly to the input data of 4.64 mD. Fig. 13, FRA plot with the estimation of permeability is 6.35 
mD which is affected by anisotropy. The permeability was then corrected using step 4 of the analysis procedure to estimate the 
geometric factor. The geometric factor was found to be 5.49 which correspond to kH/kV of 10, Table 5 .The invasion study 
demonstrated that when the invasion radius is shallow, multi-phase flow will occur during pretest data acquisition. A scenario 
with a shallow radius of invasion, 0.25 ft was used in the model to validate that conception. In this case the flow was 
dominated by the native formation fluids; hence the analysis was performed using the invasion fluid and reservoir fluid 
properties to obtain the correct spherical permeability, Table 1. Fig. 11, at late times the pressure derivative displays a 
downwards trend indicating the changing fluid mobility associated with the native formation mobility. This behavior is typical 
in gas reservoirs because of the major contrast in gas viscosity and water/filtrate viscosity. A good history was achieved using 
the parameters mentioned above, Figs. 14 to 15. 
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Figure 5: Case 1 Log-log analysis plot of the buildup showing the 
spherical trend and tool storage (sp). 
 
Figure 6: GFRA applied to the pretest data (correlation 
coefficient of 0.988) with kFRA = 1.08mD. 
 
Figure 7: History Matched pretest buildup pressure data, k = 
1.05mD, sp = 1.98  & p* = 3500 psia 
 
Figure 8: History matched of the entire pressure history, p* = 
3500 psia, ct = 1.92×10-4 psi-1, sp = 1.98 & ri = 10ft 
 
Table 4: Case-1, Uninvaded Model Permeability Upscaling Results 
 
Arithmetic Geometric Harmonic 
Probe ST# kH, mD kV, mD h, -ft kHh, mD-ft  
(hiln(kH)  
(Li/(kH)) 
1 1.1 0.96 4.78 5.26 
 
     0.46 
 
4.35 
2 1.1 0.96 4.78 5.26 
 
    0.46 
 
4.35 
3 1.1 0.96 4.78 5.26 
 
    0.46 
 
4.35 
4 1.1 0.96 4.78 5.26 
 
    0.46 
 
4.35 
5 1.1 0.96 4.78 5.26 
 
   0.46 
 
4.35 
                                                                                Σkh = 26.29         Σ(hiln(ki)) = 2.28           Σ(Li/ki) = 21.73 
 
 
kA  = 1.10 mD kG = 1.10 mD kHAR =  1.10 mD 
 
 
 
 
Case-3: Multi-layered reservoir with permeability range of 5mD to 100mD. 
This model was to study the effects of heterogeneity and permeability anisotropy in layered reservoirs and the upscaling 
techniques required for WFT permeability. The model was used to simulate pretest data at five different locations and a 
synthetic DST to validate the results. Fig. 15 shows a log-log of the pressure change and derivative from five probe stations. 
8   
Pretests near the top and bottom boundaries in colours (pink, brown & green) are dominated by the boundary effect, hence the 
spherical trend is masked and the dominant horizontal permeability of the layers is near the boundary. Fig. 17 shows a log-log 
plot with tool storage and the spherical flow in the middle later dominated by radial flow due to pressure signal reaching the 
both the top and bottom boundaries. The buildup spherical permeability was found to be 25 mD (kH = 54 mD).  Fig. 18, FRA 
plot with the estimation of permeability is 34 mD which is affected by anisotropy. The results compares very well with input 
permeability in the numerical model of 55 mD. A good history was achieved using the parameters mentioned above; Figs. 19 
to 20 and the resuls are summarized in Table 6. 
 
 
Figure 9: Case 2, typical gas saturation profile from the invasion 
model. 
 
Figure 10: Water saturation profile from the invasion model 
decreasing as moves towards the native reservoir fluids. 
   
 
Figure 11: Case 2, Log-log analysis of the invasion radii and 
impact on the derivative (composite behavior super-imposed on 
the spherical trend) 
 
Figure 12: Case 2, Log-log analysis plot of the buildup for 2.5 ft 
invasion radius, showing the spherical trend and hump (tool 
storage (sp)). 
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Figure 13: Case-2, FRA applied to the pretest data (correlation 
coefficient of 0.998) with kFRA = 6.14mD (after Geometric factor 
accounting for anisotropy k = 4.85mD 
 
Figure 14: Case-2, History Matched pretest buildup pressure 
data, ks = 4.71mD, sp = 1.38 & p = 3502 psia 
 
Figure 15: Case-2, History matched of the entire pressure history, 
p* = 3502 psia, ct = 1.92×10-7 psi-1, sp = 1.38 & ri = 
 
Figure 16: Case-3, Log-log analysis the buildup pressure data. 
Pretest data near the boundaries (green, pink & brown curves) is 
dominated by boundary effect and cannot be analyzed using the 
WFT model. 
Table 5: Case-2, Invasion Model Permeability Upscaling Results 
 
Arithmetic Geometric Harmonic 
Invasion, ft kH, mD kV, mD h, -ft kHh, mD-ft  
(hiln(kH)  
(Li/(kH)) 
0.25    12.02    1.91 6.75 81.12 
 
     16.78 
 
0.56 
0.75      7.73    2.64 7.93 61.33 
 
    16.23 
 
1.03 
1.50    10.05    1.08 5.07 50.92 
 
    11.69 
 
0.50 
2.50      9.89    1.04 4.99 49.32 
 
    11.43 
 
0.50 
5.00      9.98    0.96 4.79 47.80 
 
    11.02 
 
0.48 
                                                                             Σkh  =  290.49          Σ(hiln(ki)) =  67.15      Σ(Li/ki) =  3.08 
 
 
kA  = 9.85 mD kG = 9.72 mD kHAR =  9.60 mD 
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Figure 17: Case-3, Log-log analysis plot of the buildup showing 
the spherical trend and hump (tool storage (sp)). 
 
Figure 18: Case-3, FRA applied to the pretest data (correlation 
coefficient of 0.998) with p* = 3500 psia & kFRA = 33.81mD. 
 
 
 
Figure 19: Case-3: History Matched pretest buildup pressure data, 
ks = 25mD, sp = 1.22 & p* = 3500 psia 
 
Figure 20: Case-3, History matched of the entire pressure 
history, p* = 3500 psia, ct = 6.44×10-6 psi-1, sp = 1.22 & ri = 54ft 
Table 6: Case-3, Permeability Upscaling Results 
 
 Arithmetic Geometric Harmonic 
Probe ST# kH, mD KV, mD h, -ft kHh, mD-ft   
 (hiln(ki)  
(Li/(ki)) 
2 (Layer-45) 54.38  5.00 41.45 2254 
 
165.62 
 
0.72 
3 (Layer-75) 54.40  5.19 42.21 2296 
 
168.68 
 
0.73 
4 (layer-105) 54.38  5.19 42.24 2297 
 
168.80 
 
0.73 
                                                                                 Σkh = 6847       Σ(hiln(ki)) =  503.10        Σ(Li/ki) = 2.18 
 
 
kA  = 54.38 mD kG = 54.38 mD kHAR =  57.75 mD 
 
Field Case Study 
A field case study of a gas well offshore South Africa is evaluated.  The available data was from well X1, includes 36 RFT 
(only 9 out of 12 were analysed within the gas zone) pretest data, core data, PVT properties, DST data and Drilling reports. 
Fig. 21 shows the pretest depth, core permeability and DST interval on a triple combo log showing the hydrocarbon 
region/zone. The well was drilled with a water based mud and the mud-filtrate viscosity was estimated using Meehan’s water 
viscosity correction (Appendix D). The total compressibility was estimated with a weighted saturation function of the invaded 
region. 
Fig. 22 show log-log plot of the pretest data that exhibit composite behavior super-imposed on the spherical, a signature 
observed from the invasion synthetic model in Case-2. This is possible when the radius of investigation from the buildup data 
has seen beyond the invasion fluid radius. The analysis of the RFT pressure data was performed using the analysis procedure 
mentioned above and the results are shown in Table 6. A good history was achieved using the parameters mentioned above, 
Figs. 24 to 25. The upscaled results using a weighted arithmetic average were compared with core and DST permeability data 
and the correlation is good. The average permeability calculated using the arithmetic weighted averaging upscaling technique 
is 52 mD and geometric average is 44 mD. 
The drawdown permeabilities are relatively low compared to the buildup analysis, as a result of damaged formation during 
the drilling phase. Figs. 26 to 28, show the comparison of the three sources of permeability used in the evaluation. The buildup 
permeability correlates very well with the effective core permeability obtained by correcting core data from absolute to 
effective (the absolute core permeability the maximum relative permeability ratio), Fig. 28. Fig. 29 shows a log-log diagnostic 
plot identifying the flow regimes and boundary effect and the pressure history was matched with partial penetration (W & S) 
model with a single boundary. The average permeability was found to be 65 mD, total skin = 33 and distance to the boundary 
= 100 ft, Figs. 30 to 31. The upscaled permeability from the WFT is very close to the average permeability obtained from the 
well test Fig. 32.  
 
 
Figure 21: A triple combo log, showing the DST region, gas zone (indicated by the red shaded area within the resistivity track), RFT 
data points (in red dots), and core data (in blue dots). 
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Figure 22: Log-log analysis of the buildup data at depth 
2642.7mbKB, showing the spherical trend and hump (tool 
storage (sp)) 
 
Figure 23: FRA applied to the pretest data with p* = 3808 psia & 
kFRA = 21 mD. 
 
 
 
Figure 24: History Matched pretest buildup pressure data, ks = 
6.99mD, sp = -0.25 & p* = 3807.5 psia 
 
Figure 25: Match of the buildup data with p* = 3807.5 psia & ks = -
0.25 
 
Table 7: Field Case study Summary of Results 
 
 Arithmetic Geometric Harmonic 
Depth kH, mD kV, mD h, ft kHh, mD-ft   
(hiln(kH)  
(Li/(kH) 
2628.5 88.65 0.018 3.70  328.05  16.60  0.31 
2630.1 64.66 0.028 3.46  223.98  14.44  0.32 
2632.0 94.10 0.017 3.61  339.39  16.39  0.29 
2633.4 61.61 0.053 5.12  315.53  21.10  0.36 
2636.0 21.52 0.031 3.77    81.24  11.58  1.00 
2639.0 74.41 0.578 16.40 1220.68  70.70  0.29 
2640.3 20.53 0.617 13.91   285.49  42.02  0.86 
2641.6 22.08 0.195 7.67   169.42  23.75  0.79 
2642.7 52.41 0.124 7.56   395.97  29.91  0.41 
                                                                                        Σkh = 3359.73   Σ(hiln(ki)) =  246.49   Σ(Li/ki =  4.63 
 
 
    kA  = 51.53 mD kG = 43.83 mD kHAR =  14.09 mD 
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Figure 26: Correlation between core and drawdown permeability 
data. A =1 dashed line represents the ideal correlation. Poor 
correlation with most of the data points falling between A = 6 to 
A = 86 (average A =30). 
 
Figure 27: Correlation between buildup and drawdown 
permeability data.). A =1 dashed line represents the ideal 
correlation.  Poor correlation with most of the data points falling 
between A = 4 to A = 28 (average A =18). 
 
Figure 28: Correlation between core and buildup permeability 
data. A better correlation with most of the data points falling 
between A = 0.5 to A = 12 (average A =3). 
 
Figure 29: Correlation between core and buildup permeability 
data. A better correlation with most of the data points falling 
between A = 0.5 to A = 12 (average A =3). 
 
Figure 30: History matched with Partial penetration model (W &S) 
homogeneous reservoir with a single fault. kH = 65 mD,       kV = 
1.6 mD, S(w) = 7, d1 = 100 ft. 
 
Figure 31: Matched pressure history with p* = 3798 psia at 2592 
mbKB and total skin of 34 
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Figure 32: The correlation between the different sources of permeability. The DST average permeability is denoted by a blue dashed 
line which correlates very well with the FRA_BU analysis. Generally the drawdown permeability does not correlate well with any of 
permeability data sources used in this evaluation. 
Discussions  
A 3D numerical model was developed to simulate the formation pressure response of a single probe-type WFT. This data was 
used to study the flow behavior of the pretest and to estimate reservoir parameters such as permeability and average reservoir 
pressure. We also studied the behavior of the pressure response due to mud filtrate invasion. It should be noted that the 
invasion of filtrate into the reservoir forms a radial composite region around the wellbore due to the contrast of mobility of the 
invasion and native fluids (gas). The presence of the invasion fluid reduces the radius of investigation of the buildup period due 
to lower mobility, hence underestimating the permeability when incorrect properties are used. In the invasion model, when the 
buildup period is long enough a composite behavior with two spherical flow signatures is observed, Fig. 10. The first spherical 
signatures belong to the invasion, while the second one belongs to the native formation fluids. To obtain reliable estimations of 
permeability correct fluid properties must be used to analyses the data. 
FRA and buildup analysis when combined together, assuming that the buildup permeability represents the true spherical 
permeability to correct the geometric factor (anisotropy effect); can be used to estimate horizontal & vertical permeability as 
proposed by Sheng et al., 2004. FRA plots tend to have a skewed elliptical shape caused by high compressibility of gas, 
permeability anisotropy and mobility. This may result in incorrect estimates of pressure and compressibility, whereas 
permeability is the least affected parameter by this effect.  It is well documented that the drawdown analysis permeability is 
Systematic Approach to Analyzing and Integrating Well Test data from Wireline Formation Testers (WFT): Upscaling WFT permeability  15 
consistently lower than buildup and core permeability due to the limited radius of investigation and formation damage near the 
wellbore; hence the drawdown analysis was used as a qualitative indicator of permeability. 
The field case study pretest data also confirmed composite behavior super-imposed on the spherical flow trend as it was 
observed from the simulated invasion model. This invasion has impact on the mobility and buildup radius of investigation. 
Conclusions 
The objective of the project was to study the typical flow behavior of WFT data from a single-probe type pretest influenced by 
mud-filtrate invasion using a numerical simulator. This was used to evaluate the use of PVT properties suitable for the analysis 
of WFT data and investigate better methods of upscaling permeability data obtained from WFT data.  
A number of models were simulated to study these objectives and the following conclusions were reached after analyzing both 
the synthetic & real field case data; 
 The presence of mud filtrate invasion in the gas reservoir will reduce the mobility in the invasion region and the 
spherical mobility of the filtrate will be super-imposed on top of the native fluid mobility. The radius of invasion fluid 
can be detected if the buildup period was long enough to go beyond the invasion radius. This mobility change was 
detected by the downwards trend of the buildup pressure derivative due to major contrasts between the mobility of the 
invasion and native fluid (gas). 
 The WFT data should be analysed using the parameters of the invaded region, because valid spherical flow has the 
mobility of the invasion fluids (dominated by filtrate). The incorrect use of the univaded zone parameter to estimate 
permeability will significantly underestimate buildup permeability. 
 When the buildup is long enough, a composite behavior is observed, with first spherical flow belonging to the 
invasion fluids and second to the native reservoir fluids.  The first spherical was analysed with invasion properties 
while the second one is analysed with native formation fluid and results are similar. 
 The weighted arithmetic average upscaling technique yielded better results for horizontal permeability than the 
geometric average proposed by Warren et al., 1960. The upscaled permeability from WFT data was close to the one 
obtained from well test analysis. The vertical permeability can be upscale using the harmonic averaging technique. 
 The upscaled WFT permeability is representative of the formation permeability if the degree of anisotropy is 
identified accurately and the appropriate upscaling method is used. 
Nomenclature 
 
A Anisotropy (kCORE/kRFT) rp  probe radius, inches 
ct total compressibility, psi
-1
 rw  wellbore radius, inches 
cf formation compressibility, psi
-1
 sp  geometric skin factor 
cg gas compressibility, psi
-1
 t Time, sec/hrs. 
cw water compressibility, psi
-1
 WBM Water Base Mud 
cm
3
 cubic centimeter WFT Wireline Formation Tester 
DST Drill stem test Subscripts  
RFT Repeat Formation Test A arithmetic 
k permeability, mD ani  anisotropic 
kA arithmetic permeability, mD BU  buildup 
kG geometric permeability, mD dd/D drawdown 
kH  horizontal permeability, mD f formation/fluid 
kHAR harmonic permeability, mD FRA  Formation Rate Analysis 
ks / kxyz  spherical permeability, mD G geometric 
kV  vertical permeability, mD H horizontal 
P pressure, psia HAR harmonic 
PSS pseudo-steady state iso   isotropic 
PVT pressure-volume-temperature p probe 
q flow rate, cc/sec or bbl/D or MMscf/D w wellbore 
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Appendix A: Critical Literature Review 
SPE # Year Title Authors Contribution 
8362 1979 
Interpretation of the 
Pressure Response of the 
Repeat Formation Tester 
G Steward & M 
Wittmann 
Procedure to determine reservoir 
parameters (p*, k, etc.) from RFT 
data. 
36525 1996 
Robust and Simple 
Graphical Solution For 
Wireline Formation Tests: 
Combined Drawdown and 
Build-up Analyses 
E Kasap, K Huang, 
T Shwe, D Georgi. 
Introduced a simple and unified 
PTA technique (FRA) for WFT data 
that combined both drawdown and 
build-up data to obtain reservoir 
properties from WFT data, using 
Geometric factor concept. 
35150 1996 
Near Wellbore 
Permeability and Damage 
Measurements and  
Numerical Simulation of 
Interpretation of  WFT 
Data 
A Samaha, K 
Huang, E Kasap, T 
Shwe, D George 
Validation of the results obtained 
from WFT data using laboratory 
data and Numerical Simulation. 
71722 2001 
Integrating Permeability 
from NMR, Formation 
Testers, Well Test and 
Core Data 
S Haddad, M 
Cribbs, R Sagar, Y 
Tang E Viro & K 
Castelijins 
Integration of permeability 
measurements obtained from 
different sources at different 
reservoir scale taking into account 
reservoir heterogeneities. 
Importance of understanding depth 
of investigation from all the sources 
of permeability data. 
84086 2003 
Will Wireline Formation 
testers Replace Well 
tests? 
TM Whittle, J Lee, & 
AC Gringarten 
Comparison of the data obtained 
from WFT and DST. When & how 
to use depending on the objective 
of the well test. 
90226 2004 
Formation Rate Analysis 
in an Anisotropic 
Formation and Its 
Practical Applications 
Sheng, J.J., Georgi, 
D.T., Mezzatetsa, 
A., and Lee, J 
A methodology to resolve the 
discrepancies between the 
Permeability calculated from the 
FRA and Buildup Analysis 
90226 2004 
Formation Rate Analysis 
in an Anisotropic 
Formation and Its 
Practical Applications 
Sheng, J.J., Georgi, 
D.T., Mezzatetsa, 
A., and Lee, J 
A methodology to resolve the 
discrepancies between the 
Permeability calculated from the 
FRA and Buildup Analysis 
96891 2005 
Dynamic Flow Analysis of 
Probe-Type Formation 
Tests 
Sheng, J.J., Georgi, 
D.T., and Lee, J 
Impact of Rock and Fluid 
Properties to the non-linear 
behavior of FRA analysis 
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SPE 177 (1962) 
 
Tittle: 
Theoretical Analysis of Pressure Phenomena Associated with the Wireline Formation Tester. 
 
Authors: Moran, J.H., and Finklea E.E. 
 
Contribution to the understanding of WFT Analysis 
Introduce a technique to analyse pressure response of the WFT in single phase system. 
 
 
Objectives 
To develop a PTA-WFT technique to analyse WFT data by modifying the conventional PTA technique. 
 
 
Methodology  
The analysis is based on the theory of spherical flow of a slightly compressible fluid in a homogeneous medium using the 
spherical sink solution. 
 
 
Conclusions: 
i) Recommendation of the procedure to  estimate reservoir parameters (initial pressure and formation permeability) from 
Repeat Formation Tester  
ii) For thick homogeneous isotropic formation the most appropriate model amenable to exact spherical radial flow and 
the buildup model is model by this equation 
𝑝(𝑡) = 𝑝𝑖 −
𝜇
4𝜋𝑘
√
𝛼
𝜋
𝑉
𝑇
[
1
√∆𝑡
−
1
√𝑇 + ∆𝑡
] 
A plot of p (t) vs. (
1
√∆𝑡
−
1
√𝑇+∆𝑡
) should yield a straight line for large values of ∆t. 
iii) For thin formations the geometry becomes cylindrical due to beds  boundary effect and the buildup model is given by; 
𝑝(𝑡) = 𝑝𝑖 −
𝜇
4𝜋𝑘ℎ
√
𝛼
𝜋
𝑉
𝑇
[ln(𝑇 + ∆𝑡) − ln (∆𝑡)] 
iv) The permeability anisotropy will affect the buildup results, in thick formations the effective permeability will lie 
between the horizontal and vertical permeability. The horizontal permeability can be determined by the pressure 
buildup analysis. 
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SPE 8362 (1979) 
 
Tittle: 
Interpretation of the pressure response of the repeat formation tester 
 
Authors: George Stewart and Manfred Wittmann 
 
Contribution to the understanding of WFT Analysis 
i) Procedure to determine reservoir parameters (p*, k, etc.) from RFT data. 
 
 
Objective of the paper: 
i) To determine an analytical to be used when analysing the Repeat Formation Test (RFT) pretest data. 
ii) To determine the depth of investigation from RFT pretest data. 
 
 
Methodology used: 
The analysis is based on the theory of spherical flow of a slightly compressible fluid in a homogeneous medium using the 
spherical sink solution.  
 
 
Conclusions: 
i) Recommendation of the procedure to estimate reservoir parameters (initial pressure and formation permeability) from 
Repeat Formation Tester based on a single phase flow. 
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SPE 36525 (1996) 
 
Tittle: 
Robust and simple graphical solution for WFT: Combined Drawdown and Buildup Analyses 
 
Authors: E. Kasap, K. Huang, T. Shwe and D. Georgi 
 
Contribution to the understanding of WFT Analysis 
Introduced a simple and unified PTA technique (FRA) for WFT data that combined both drawdown and build-up data to obtain 
reservoir properties from WFT data, using Geometric factor concept. 
 
Objectives  
To simplify the interpretation of WFT by combining the drawdown and buildup data simultaneously. 
 
Methodology  
FRA technique is based on material balance of the tool’s flow line volume.  FRA uses geometric factor concept, to correct flow 
geometry and permeability anisotropy effect. FRA calculates the formation rate by correcting the piston rate for tool storage 
effect. A linear plot between the formation rate and pressure is used to determine reservoir properties. 
 
Conclusions: 
i) The new pressure vs. formation rate analysis performs as well or better than conventional spherical – flow, 
drawdown and cylindrical – flow analyses  
A plot of p (t) vs. qf, should yield a straight line, the intercept represents average formation pressure and the slope 
is use to estimate the mobility of the formation. 
ii) No requirements  to use diagnostic plot to determine flow regimes 
iii) Interpretation results in the estimation of average pressure ( p* ), permeability and compressibility; 
iv) The technique is less sensitive to data quality than other methods, does not require long buildup periods for low 
permeability formation testing. 
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SPE 35150 (1996) 
 
Tittle 
Near Wellbore Permeability and Damage Measurements and Numerical Simulation of Interpretation of WFT Data 
 
Authors : A Samaha, K Huang, E Kasap, T Shwe, D George  
 
Contribution to the understanding of WFT Analysis 
Validation of the results obtained from WFT data using laboratory data and Numerical Simulation. 
 
Objective 
To develop a near-wellbore numerical flow simulation to verify the geometric factor approach by predicting transient pressure 
response of formation under probe testing. 
 
Methodology 
Use a 3D finite element flow simulator to simulate the measurement procedure of a WFT.  
 
 
Conclusions 
i) Use the 3D finite element simulator for the near-wellbore flow of a slightly compressible fluid to simulate WFT 
measurement, including the factor affecting the tools measurements. 
ii) Simulator successful replicated the pressure response of the probe test 
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SPE 39769 (1998) 
 
Tittle:  
Analysis of wireline formation test data from gas and non – Darcy flow conditions 
 
Author: E. Kasap and J. Lee 
 
Contribution to the understanding WFT Analysis: 
A better understanding of pressure variations in gas formations. 
 
Objective  
To develop the Gas Formation Rate Analysis (GFRA) Technique to analyse gas pressure tests. 
 
Methodology  
Technique calculates the gas pseudopotentials and analyses variation of pseudopotential versus formation rate during a 
formation test by utilising the geometric factor concept.  
Used Forchheimer’s equation as an additional term to Darcy’s equation to account for non-linearity 
 
Conclusions: 
i) The new technique provides the permeability of gas zones by a simple regression procedure or a graphical analysis. 
ii) The volume of liquid in the flow lines should be considered for the analysis of gas test data  
iii) As the test rate gets larger (above 2 cc/sec) the non – Darcy effect starts to influence the formation pressure response  
iv) GFRA can be used to identify the influence of non – Darcy effect on test data 
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SPE 71722 (2001)  
 
Tittle 
Integrating Permeability from NMR, Formation Testers, Well Test and Core Data  
 
Authors: S Haddad, M Cribbs, R Sagar, Y Tang E Viro & K Castelijins  
 
Contribution to the understanding WFT Analysis: 
Integration of permeability measurements obtained from different sources at different reservoir scale taking into account 
reservoir heterogeneities. Importance of understanding depth of investigation from all the sources of permeability data. 
 
Objective 
To demonstrate of permeability integration from different sources to determine the overall reservoir and well performance. 
 
Methodology 
Considered the permeability derived from DST to be the actual permeability to predict reservoir performance.  The 
permeability data from CMR to MDT and Cores were calibrated to match the DST permeability using the relative permeability 
data. 
 
Conclusion 
i) Importance of the understanding the scale associated with permeability measurement in different source. 
ii) Methods to calibrate permeability for reservoir & well performance using Wireline derived permeability 
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SPE 84086 (2003) 
 
Tittle 
Will Wireline Formation Tests Replace Well Test’s? 
 
Authors: Whittle T.M., Lee, J., and Gringarten, A.C. 
 
Contribution to the understanding of WFT Analysis 
Limitations of the WFT compared to the Well test (when & how to use depending on the objective of the well test.) 
 
Objectives 
To compare the objective and data obtained from the WFT and Well test. 
 
Methodology  
Studied the advantages and disadvantages of the WFT and Well test and linked them to objectives of data acquisition. 
 
 
Conclusions: 
i) A well test can be replaced by WFT if the objectives of the well test can be achieved by Wireline formation tester. 
ii) Compared costs of the WFT and Well test. 
iii) Upscaling technique requires comparing the results from WFT and Well test. 
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SPE 90226 (2004) 
 
Tittle: 
Formation Rate Analysis in an Anisotropic Formation and Its Practical Applications 
 
Authors: Sheng, J.J., Georgi, D.T., Mezzatetsa, A., and Lee, J 
 
Contribution to the understanding of WFT Analysis 
A methodology to resolve the discrepancies between the Permeability calculated from the FRA and Buildup Analysis 
 
Objectives 
To apply the Geometric factor concept to resolve discrepancies between FRA and Buildup. Determine permeability anisotropy 
and estimate horizontal and vertical permeability by combing the buildup and FRA. 
 
Methodology  
To combine the buildup analysis and FRA, assuming that the buildup analysis represent the true spherical permeability. 
Correct the geometric factor to determine permeability anisotropy. Used the permeability anisotropy to estimate horizontal and 
vertical permeability. 
 
Conclusions 
i) Presented solution of the Geometric factor associated with permeability anisotropy 
ii) FRA permeability in isotropic reservoirs is similar to horizontal permeability 
iii) The difference between FRA and Buildup analysis is attributed to permeability anisotropy effect 
iv) The permeability anisotropy can be used to estimate horizontal and vertical permeability in anisotropic reservoirs. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Systematic Approach to Analyzing and Integrating Well Test data from Wireline Formation Testers (WFT): Upscaling WFT permeability  k 
SPE 96891 (2005) 
 
Tittle: 
Dynamic Flow Analysis of Probe-Type Formation Tests 
 
Authors: Sheng, J.J., Georgi, D.T., and Lee, J 
 
Contribution to the understanding of WFT Analysis 
Impact of Rock and Fluid Properties to the non-linear behaviour of FRA analysis. 
 
Objectives 
To determine the factors affecting the skewness/non-linear behaviour of FRA plots. 
 
Methodology 
To use of the Numerical simulator to simulate probe tests data and investigate behaviour of pressure versus the formation rate.  
 
 
Conclusions: 
The non-linear behavior in FRA plots in slightly compressible fluids is caused by extremely low mobility, high 
compressibility, high permeability anisotropy and abnormal fluid flow during the test. Four shape of non-linear plot were 
identified 
i) Skewed Ellipse : extremely low permeability, high compressibility, high permeability anisotropy 
ii) Upward pointing Hockey stick: Unusually high permeability anisotropy, permeability heterogeneity (high 
permeability near probe and lower permeability far away from probe & upper and lower shale boundaries near the 
probe) 
iii) Downward pointing Hockey stick: very low permeability combined with short drawdown period, gas trapped in the 
tool, constant pressure limit operation 
iv) Skewed figure 8: plugging, subsequent unplugging & fluid flow, use of incorrect compressibility to calculate 
formation rate. 
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Appendix B: Upscaling WFT Permeability Data 
After the WFT PTA has been conducted on the potential production interval, the spherical permeability was converted to 
horizontal and vertical permeabilities using the geometric factor concept (permeability anisotropy). The next step is to upscale 
the permeability profile data into a single permeability-thickness that can be compared to permeability-thickness obtained from 
well tests and also be used to predict reservoir performance. The process requires the knowledge of the thickness investigated 
by the WFT. Many authors have recommended the use of sources such as logs, cores and images. In this study we have defined 
the thickness associated with WFT as a function of permeability anisotropy. We have studied three possible scenarios 
associated with the pressure disturbance in the reservoir, and since the permeability obtained is a function of the volume 
influencing the test.   
    Scenario 1, for an isotropic (kH=kV=1) reservoir the volume of the pressure disturbance is expected to grow completely 
radially, as show in Fig. B1. The influence of horizontal and vertical permeability is the same. Scenario 2, for anisotropic 
(kH>kV) reservoir the volume of the pressure disturbance is expected to grow elliptical and the horizontal has a major influence 
to the propagated pressure disturbance, Fig. B2.   Scenario 3, for an anisotropic (kH<kV) reservoir the volume of the pressure 
disturbance is expected to grow elliptically and the vertical has a major influence to the propagated pressure disturbance, Fig. 
B3.    
   The reservoir interval of interest is divided into segments of a number of homogenous ani/isotropic layers. The thickness of 
each layer is then estimated using twice the value of the radius of investigation with respect to vertical permeability given by 
the equation (modified from Matthews et al., 1967); 
ℎ𝑖 = 2 (0.029√
𝑘𝑉∆𝑡
𝜑𝜇𝑐𝑡
) (B-1) 
Finally the upscaled permeability can be estimated using the weighted arithmetic averaging given by 
 
𝑘ℎ = ∑ 𝑘𝐻𝑖ℎ𝑖
𝑖=𝑛
𝑖=1
 (B-2) 
 
 
Figure B1:  kH = kV pressure disturbance 
around the probe area 
 
Figure B2: kH > kV pressure disturbance 
around the probe area  
 
Figure B3: kH < kV pressure disturbance 
around the probe area  
 
A geometric upscaling technique proposed by Warren et al, 1961 was also used calculate the average permeability. The 
equation proposed by Warren et al., 1961 is given below; 
 
𝑘𝐺 = 𝑒𝑥𝑝 [
∑ (ℎ𝑖ln (𝑘𝑖))
𝑛
𝑖=1
∑ ℎ𝑖
𝑛
𝑖=1
] 
 
(B-3) 
Where ki is permeability of individual sample hi is the thickness, and n total number of samples. 
The harmonic average is given by  
 
𝑘𝐻𝐴𝑅 =
∑ 𝐿𝑖
𝑛
𝑖=1
∑ (
𝐿
𝑘)𝑖
𝑛
𝑖=1
 (B-4) 
Where ki is permeability of individual sample Li is the length of each bed, and n total number of samples. 
The length, L can be estimated from the below equation; 
𝐿𝑖 = 2 (0.029√
𝑘𝐻∆𝑡
𝜑𝜇𝑐𝑡
) 
 
(B-5) 
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Appendix C: Analysis of WFT data 
 
Figure C1: Flow Chart Diagram for the procedure to Analyse WFT data 
 
Case-1: Homogeneous and isotropic reservoir with kH/kV of 1 (kH = kV = 1mD) 
A synthetic model was used to simulate pretest data from five different probe stations. The pressure response obtained was 
analyzed using the procedure outlined in Fig. C1.  Fig. C1 shows a log-log comparison of the acquired pretest data and 
existing flow regimes.  The results are summarized on Table C1 and individual interpretations on each of the pretest stations 
are shown in Figs. C3 to C7. The results were upscaled using a technique described above and there were no differences 
between the three averaging considered on this study. All techniques resulted with 1.10mD permeability similarly to the input 
used in the model. Good history matches have been achieved in all the plots. 
 
Table C1: Case-1, Uninvaded Model Permeability Upscaling Results 
 
Arithmetic Geometric Harmonic 
Probe ST# kH, mD kV, mD h, -ft kHh, mD-ft  
(hiln(ki)  
(Li/(ki)) 
1 1.1 0.96 4.78 5.26 
 
     0.46 
 
4.35 
2 1.1 0.96 4.78 5.26 
 
    0.46 
 
4.35 
3 1.1 0.96 4.78 5.26 
 
    0.46 
 
4.35 
4 1.1 0.96 4.78 5.26 
 
    0.46 
 
4.35 
5 1.1 0.96 4.78 5.26 
 
   0.46 
 
4.35 
                                                                                Σkh = 26.29        Σ(hiln(ki)) = 2.28           Σ(Li/ki) = 21.73 
 
 
kA  = 1.10 mD kG = 1.10 mD kHAR =  1.10 mD 
n   
 
Figure C2: Log-log comparison of the five pretest data simulated from the model. The pretest data collected at the probe station near 
the top and bottom of the formation are affected by the boundary effect. 
 
Figure C3: Diagnostic plots and matches of first Pretest data acquired near the top of the formation with late time affected by the 
boundary effect. 
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Figure C4: Diagnostic plots and matches of first Pretest data acquired near the top boundary 
 
Figure C5: Diagnostic plots and matches of first Pretest data acquired at middle of the formation 
 
p   
 
Figure C6: Diagnostic plots and matches of first Pretest data acquired near the middle of the formation 
 
Figure C7: Diagnostic plots and matches of first Pretest data acquired near the middle of the formation 
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Case-2: Homogeneous and anisotropic reservoir with kH/kV of 10 (kH = 10mD & kV = 1mD) 
A synthetic model was used to simulate pretest data and study the impact of the presence of mud-filtrate invasion during 
acquisition of WFT data. Different mud-filtrate invasion radii were modeled and the study showed a composite reservoir 
behavior has occurred due to the differences in the mobility of mud-filtrate and native fluids (gas). The pressure derivative 
exerts this composite behavior super-imposed on the spherical flow trend. In shallow radii of investigation the spherical flow 
due to the invasion may not occur due to multiphase which is dominated by the rate of the native fluids. At late time the 
spherical with develop and will be representative of the native reservoir fluids, Fig. C8  
    The pressure response obtained was analyzed using the procedure outlined in Fig. C1.  Fig. C8 shows log-log comparison of 
the pretest acquired at different radii of invasion. The results are summarized in Table C2 and individual interpretations on 
each if the pretest stations are shown in Figs. C9 to C11. The results were upscaled using a technique described above and 
there were no differences between the three averaging considered in this study. All techniques resulted with similar results 
ranging from 9.6 mD to 9.9 mD permeability similarly to the input used in the model of 10 mD. Results demonstrate that in a 
low anisotropy formation these upscaling techniques will yield similar results. Good history matches have been achieved in all 
the plots.  
 
 
Figure C8: Log-log comparison of different radii of invasion, with a composite behavior super-imposed on the spherical flow 
signature. All the pretest data were acquired in the middle of the formation to avoid the boundary effect of the pressure that might 
mask some of the key features being investigated. 
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Table C2: Case-2, Invasion Model Permeability Upscaling Results 
 
Arithmetic Geometric Harmonic 
Invasion, ft kH, mD kV, mD h, -ft kHh, mD-ft  
(hiln(ki)  
(Li/(ki)) 
0.25    12.02    1.91 6.75 81.12 
 
     16.78 
 
0.56 
0.75      7.73    2.64 7.93 61.33 
 
    16.23 
 
1.03 
1.50    10.05    1.08 5.07 50.92 
 
    11.69 
 
0.50 
2.50      9.89    1.04 4.99 49.32 
 
    11.43 
 
0.50 
5.00      9.98    0.96 4.79 47.80 
 
    11.02 
 
0.48 
                                                                             Σkh  =  290.49         Σ(hiln(ki)) =  67.15     Σ(Li/ki) =  3.08 
 
 
kA  = 9.85 mD kG = 9.72 mD kHAR =  9.60 mD 
 
 
Figure C9: Diagnostic plots and matches of first Pretest data acquired near the middle of the formation with 1.5 ft invasion radius 
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Figure C10: Diagnostic plots and matches of first Pretest data acquired near the middle of the formation, with 2.5 ft invasion radius 
 
Figure C11: Diagnostic plots and matches of first Pretest data acquired near the middle of the formation, with 5 ft invasion radius 
t   
Case-3: Multi-layered reservoir with permeability range of 5mD to 100mD. 
A synthetic model was used to simulate pretest data from different probe stations and to study the impact permeability 
heterogeneity, anisotropy in layered formation. The pressure response obtained was analyzed using the procedure outlined in 
Fig. C1.  Pretest data acquired near the top and base of the formation are dominated by the boundary effect, hence the spherical 
trend is masked, Fig. C12. The dominance of horizontal permeability of the layers near the boundary makes it difficult to 
analyse this data using WFT model.   The results are summarized if Table C3 and individual interpretation on each of the 
pretest stations are shown in Figs. C13 to C14.  
 
Table C3: Case-3, Layered Model Permeability Upscaling Results 
 
 Arithmetic Geometric Harmonic 
Probe ST# kH, mD KV, mD h, -ft kHh, mD-ft   
 (hiln(ki)  
(Li/(ki)) 
2 (Layer-45) 54.38  5.00 41.45 2254 
 
165.62 
 
0.72 
3 (Layer-75) 54.40  5.19 42.21 2296 
 
168.68 
 
0.73 
4 (layer-105) 54.38  5.19 42.24 2297 
 
168.80 
 
0.73 
                                                                              Σkh = 6847       Σ(hiln(ki)) =  503.1        Σ(Li/ki) = 2.18 
 
 
kA  = 54.38 mD kG = 54.38 mD kHAR =  57.75 mD 
 
 
 
Figure C 12: Log-log comparison of the five pretest data simulated from the model. The pretest data collected at the probe station 
near the top and bottom of the formation are affected by the boundary effect; hence the spherical flow behavior is masked. 
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Figure C 13: Diagnostic plots and matches of first Pretest data acquired near the middle of the formation (Layer-75). 
 
Figure C 14: Figure C14: Diagnostic plots and matches of first Pretest data acquired near the middle of the formation (Layer-105). 
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 S(p)  1.22
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 p*(FRA)  3500.068  psia
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Appendix D: Field Case Study 
A field case study of a gas well offshore South Africa is evaluated.  The available data was from well X1, includes 36 RFT 
pretest data, core data, PVT properties, DST data and Drilling reports. Only 10 out of 15 pretests data were analysed in the gas 
zone. Fig. D1 show the pretest depth, core permeability and DST interval on a triple combo log showing the hydrocarbon 
region/zone. The individual pretest interpretations are shown in Figs. D3 to D10. The well was drilled with a water based mud 
(WBM) and the mud-filtrate viscosity was estimated using Meehan’s water viscosity correction. This correlation accounts for 
the effect of pressure and temperature at reservoir conditions, and the given below; 
 
  𝜇𝑤 = 𝜇𝑤𝑇 ∗ [0.9994 + 4.0295 × 10
−5(𝑃)], 𝑐𝑃 
 
(D-1) 
Where μwT is the brine at 14.7 psi and reservoir temperature T (R), given by; 
 
𝜇𝑤𝑇 = (109.574 − 8.40564𝑤𝑠 + 0.31331𝑤𝑠
2 + 8.72213 × 10−3𝑤𝑠
3) ∗ (𝑇 − 460)−𝐷 
 
(D-2) 
ws is the weight percent of salt in brine 
 
          𝐷 = 1.12166 − 0.026359𝑤𝑠 + 6.79461 × 10
−4𝑤𝑠
2 + 5.47119 × 10−5𝑤𝑠
3 − 1.55586 × 10−6𝑤𝑠
4 (D-3) 
 
The total compressibility was estimated with a weighted saturation function of the invaded region. 
 
𝑐𝑡 = 𝑠𝑤𝑐𝑤 + 𝑐𝑔(1 − 𝑠𝑤) + 𝑐𝑓 (D-4) 
 
 
 
Figure D1: A triple combo log, showing the DST region, gas zone (indicated by the red shaded area within the resistivity track), RFT 
data points (in red dots), and core data (in blue dots). 
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Table D1: Field Case study Summary of Results 
Depth, 
mbKB 
Pres., 
psia 
(Gos)iso 
(ks)iso-FRA, 
mD 
(ks)BU, 
mD 
(Gos)ani kH/kV 
(kH)ani, 
mD 
kV, 
mD 
sp h, ft. 
2628.5 3800.2 4.17 29.52 5.20 23.67 4954.72 88.65 0.018 -0.47 3.70 
2630.1 3801.1 4.17 22.87 4.91 19.44 2287.92 64.66 0.028 -0.31 3.46 
2632.0 3802.0 4.17 31.03 5.35 24.18 5441.20 94.10 0.017 -0.40 3.61 
2633.4 3802.6 4.17 22.10 5.86 15.73 1162.18 61.61 0.053 -0.15 5.12 
2636.0 3803.9 4.17 8.11 2.43 13.91   694.97 21.52 0.031 0.08 3.77 
2639.0 3805.1 4.17 32.89 14.74 9.30 128.65 74.41 0.578 2.31 16.40 
2640.3 3805.6 4.17 10.96 6.38 7.16     33.29 20.53 0.617 0.90 13.91 
2642.7 3807.5 4.17 21.02 6.99 12.55   422.40 52.41 0.124 -0.25 7.56 
2641.6 3806.2 4.17 9.80 4.57 8.95   113.01 22.08 0.195 0.35 7.67 
 
 
 
 
Figure D2: The correlation between the different sources of permeability. The DST average permeability is denoted by a blue dashed 
line which correlates very well with the FRA_BU analysis. Generally the drawdown permeability does not correlate well with any of the 
data sources used in this evaluation. 
x   
 
Figure D3: PT#4 Diagnostic plots and matches of first Pretest data acquired at depth 2628.5 mbKB 
 
Figure D4: PT#6 Diagnostic plots and matches of first Pretest data acquired at depth 2630.1 mbKB 
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Figure D5: PT#7 Diagnostic plots and matches of first Pretest data acquired at depth 2632 mbKB 
 
Figure D6: PT#8 Diagnostic plots and matches of first Pretest data acquired at depth 2633.4 mbKB 
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Figure D7: PT#10 Diagnostic plots and matches of first Pretest data acquired at depth 2636 mbKB 
 
Figure D8: PT#14 Diagnostic plots and matches of first Pretest data acquired at depth 2640.3 mbKB 
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Figure D9: PT#15 Diagnostic plots and matches of first Pretest data acquired at depth 2642.7mbKB 
 
Figure D10: PT#17 Diagnostic plots and matches of first Pretest data acquired at depth 2641.6 mbKB 
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